This paper focuses on the characterization of setting and hardening of accelerated cementitious matrices by ultrasound propagation velocity, correlating these processes with chemical parameters and the phase evolution obtained by in situ XRD. Evolution of temperature and determination of setting times complemented this analysis. The technique employed provided a continuous monitoring of the setting and hardening of the hydrating matrix and was susceptible to changes in accelerator reactivity and phase composition. Results showed that ettringite formed by accelerator reaction improves the solid-phase interconnectivity and increases initial ultrasound velocity. P-wave propagation during the acceleration period is directly proportional to alite and C 3 A degrees of hydration. The influence of AFm phases to increase ultrasound velocity is stronger than ettringite and C-S-H. Based on an extensive statistical analysis, multivariate linear regressions were established between ultrasound velocity and the main chemical properties influencing its evolution, leading to a better comprehension of how these parameters are related.
Introduction
Ultrasound measurements are a versatile tool to characterize cementitious matrices. Several ultrasound techniques have been used to evaluate the setting process [1] [2] [3] , mechanical strength [4, 5] , porosity [6] [7] [8] [9] , permeability [6] [7] [8] [9] and durability [10, 11] of pastes, mortars and concrete during the past years. The influence of different superplasticizers and additions on early strength development has been analyzed by [12] [13] [14] [15] .
This technique may also be used to characterize the early age hydration reactions in cementitious matrices containing set accelerators [16, 17] , in which the determination of initial stiffness and of early age strength are crucial for an adequate application. It may provide a continuous evaluation of the setting and hardening processes of these mixes, being more representative than Vicat, needle and pin penetration tests, which are discontinuous and have a limited application range [18] . Table 1 summarizes the most recent work conducted in the field of ultrasound measurements applied to cementitious matrices. Notice that the majority of the studies focus on the characterization of conventional concrete by ultrasound propagation velocity and only a few also assess the kinetics and mechanisms of hydration. None of them evaluates how accelerated chemical reactions and the resulting microstructure influence the propagation of ultrasound waves from a quantitative standpoint. Table 1 -Summary of recent studies on ultrasound measurements applied to cementitious matrices.
Reference

Samples tested Characterization Quantitative relation between ultrasound and phase evolution Conventional Accelerated Ultrasound
Kinetics Phase evolution [1, 12, 14, 15] • • • [2] [3] [4] [5] [6] [7] [8] [9] [10] 13] • • [11] • • • [16] • • • [17] • • This study
The lack of such relations may compromise the characterization of accelerated cementitious matrices and the applicability of ultrasound measurements in practice.
Therefore, it is fundamental to better comprehend how the chemical reactions occurring when accelerators are added and the resulting phase evolution influence the overall response to ultrasound propagation throughout the whole hydration process. By doing so, a more complete characterization of the evolution of mechanical properties of the matrix at early ages may be achieved, improving the design and quality control.
The main objective of this study is to characterize the hydration behavior of accelerated cement pastes and mortars by ultrasound propagation velocity, correlating these measurements with the chemical parameters and phase evolution of the matrix from a quantitative standpoint. For that, an experimental program was conducted with two types of cement and four types of accelerator, either alkali-free or alkaline. The setting and hardening processes as well as the development of microstructure were monitored by ultrasound propagation velocity. Setting times were determined by the Vicat needle test. Kinetics and mechanisms of hydration were characterized by in situ X-ray diffraction and evolution of temperature.
Multivariate regression analyses were conducted to correlate the changes in chemical properties of the matrix with those in the ultrasound velocity. For these analyses, the phase evolution during hydration and the chemical composition of cements and accelerators were considered as independent variables, whereas ultrasound velocity was the dependent variable.
Results indicate the main chemical parameters that influence microstructure development and ultrasound propagation velocity, explaining their origin. Correlations obtained are a simple useful tool to evaluate how the ultrasound velocity is affected by the chemical characteristics of the matrix. Therefore, this study promotes the rational use of this technique for characterization and control of matrices containing accelerators and for the evaluation of accelerator reactivity and compatibility with cement.
Experimental methodology
The Ultrasound measurements were performed in cement pastes and mortars. In cement pastes, kinetics and mechanisms of hydration are not influenced by aggregates and may provide a clearer evaluation of the chemical processes occurring during hydration. However, accelerated pastes are very reactive and shrinkage may limit the progression of the test. Therefore, accelerated mortars were also evaluated because aggregates provide more space for the precipitation of hydrated phases and reduce reaction rates. As a result, the negative effects of chemical shrinkage are minimized and a continuous monitoring of setting and hardening may be obtained.
In the following sections, materials, production processes and tests performed are described.
Materials
Two types of Portland cement (CEM I 52.5R and CEM II/A-L 42.5R) were used in this study. These cements were selected among the commonly used in sprayed concrete applications. CEM II/A-L is widely used in countries from northern Europe, while CEM I is common in Spain and countries from Asia and America. Table 2 and Table 3 show their mineralogical composition determined by XRD-Rietveld refinement and their chemical composition determined by XRF spectrometry, respectively.
Besides, Table 4 summarizes their chemical and physical properties. a The total heat of hydration was estimated from the mineralogical composition of the cement, determined by XRD, as the relative sum of the heats of hydration of the individual phases (C 3 S: 510 J/g; C 2 S: 260 J/g; C 3 A: 1100 J/g; C 4 AF: 410 J/g [20] ).
For the fabrication of mortars, standard silica sand following the requirements from UNE EN 196-1:2005 [21] was used. Distilled water and a superplasticizer based on a polycarboxylate solution (34 % of solid content) were used to prepare all pastes and mortars.
Three alkali-free accelerators composed by aluminum hydroxysulfate solutions were selected to cover the types commonly found in practice. They contain different aluminum/sulfate balances and their nomenclature corresponds to 'AKF Al 2 O 3 /SO 4 2- molar ratio'. An alkaline accelerator based on sodium aluminate, identified by 'ALK', was also employed. Properties and characteristics of accelerators are presented in Table   5 . 
Composition and preparation of cement pastes and mortars
All samples were prepared under controlled climatic conditions, at 20 o C and 50 % relative humidity. The nomenclature adopted to identify each composition follows the pattern 'matrix type'_'cement type'_'accelerator name and dosage'. Reference samples do not contain accelerators and are named by 'matrix type'_'cement type'_REF. In total, 24 different compositions were evaluated in this work.
Pastes
Cement pastes were composed by cement, a fixed water/cement (w/c) ratio equal to 0.45 and 1.0 % of superplasticizer by cement weight (% bcw). Accelerators dosages varied according to the type used. AKF 0.38 was used at 7.0 %, AKF 0.42 at 11.0 %, AKF 0.61 at 5.0 % and 7.0 % and ALK at 3.0 % bcw. Those contents were determined according to the procedure described by [18] to assure equivalent mechanical performance in pastes and fall within the dosages usually applied in tunnels executed with sprayed material. Water contents of superplasticizer and accelerators were deducted from the total amount of mixing water in order to keep the final w/c ratio equal to 0.45.
The composition of each matrix in terms of ions and compounds present is described in Table 6 . An information of interest is the final C 3 A/SO 3 ratio after accelerator addition. As the alkaline accelerator does not contain any sulfates in its composition, [Al(OH) 4 ]consumes approximately 48 % of the sulfate present in cement when added at 3.0 % bcw. By doing so, the final C 3 A/SO 3 ratio in the alkaline accelerated pastes is twice the initial value from cement. This causes a lack of sulfate ions to control C 3 A hydration and the cement may hydrate as undersulfated [22] . This effect is less pronounced in the matrix containing AKF 0.38, because it presents the highest Al 2 O 3 /SO 4 2molar ratio. Cement pastes employed for in situ X-ray diffraction (XRD) were hand-mixed because the amount required for this test was approximately 4.0 grams. Water and superplasticizer were pre-mixed and the resulting solution was homogenized with cement by means of a vortex external mixer during 60 seconds. Accelerators were added to the pastes 1 hour after cement and water had been mixed. The resulting paste was vigorously homogenized for 15 seconds with a spatula. During the period between the mixing of cement and water and accelerator addition, the paste was kept at 20 o C in order to avoid the influence of variations in temperature.
This procedure intends to reproduce the condition usually found in practice, since accelerator addition only occurs almost one hour after the mixing of the other components. Moreover, this also allows a clearer evaluation of the heat flow attributed to accelerator reaction, which otherwise would overlap with the initial heat released in the mixing of cement and water.
The amount of paste required for the determination of setting times and ultrasound propagation velocity was approximately 700 grams. Therefore, pastes could not be hand-mixed. Instead, they were prepared in a conventional mixer, adapting the procedures from UNE-EN 196-3:2005 [24] . Accelerators were also added 1 hour after cement and water had been mixed. The resulting paste was homogenized for 15 seconds at high speed. The molds for both tests were filled and consolidated manually right after accelerator homogenization.
Even though the preparation of pastes used for in situ XRD and ultrasound measurements were not the same, it does not limit the comparison of results. In each particular test, identical mixing procedures were employed for all the pastes. Therefore, the differences observed in their hydration behavior may be associated exclusively to the reactions between cements and accelerators.
Mortars
Mortars were prepared using a sand/cement ratio equal to 2.0, w/c ratio equal to 0.45 and superplasticizer at 1.0 % bcw. Mortars contained the same accelerators dosages as cement pastes and also presented the composition shown in Table 6 . Batches containing 2330 g were prepared in a conventional mortar mixer [21] . Accelerator addition and mold filling followed the same procedures as in cement pastes.
Test methods
Tests performed with cement pastes and mortars are shown in Table 7 . Their descriptions are presented subsequently. Accelerator addition was considered as the beginning of all the tests. In situ XRD was performed with cement pastes to avoid the dilution of cement hydrated phases by the aggregate. Therefore, phases present in small amounts could be quantified. Equipment and experimental conditions adopted for this test and structure models used for Rietveld refinement are described in [25] . Amorphous content was determined by the internal standard method [26] to provide an indirect assessment of the C-S-H amount contained in the matrix.
Setting times were determined using an automatic Vicat penetrometer. Although the standard UNE EN 196-3 (2005) [24] prescribes the use of a normal consistency paste, a w/c equal to 0.45 was adopted to facilitate handling and molding of the accelerated pastes and because it generates enough space for proper cement hydration and crystal growth [20] . Moreover, when low w/c ratios are used (0.27 -0.32, for example), initial setting occurs approximately 2 minutes after accelerator addition, even when superplasticizers are used [27] . This would make the paste unworkable before the mold was filled, leading to inaccuracies in the results.
Ultrasound wave (P-wave) propagation velocity was used to monitor the setting and hardening processes and the microstructure development in fresh accelerated cement pastes and mortars. The device used for this measurement is similar to the FreshCon system [28] . The container consists of two polymethacrylate walls with 22 mm-long spacers between them, where a U-shaped foam mold with an approximate volume of 140 mL is placed. On each exterior side of the container, a longitudinal wave transducer of 500 kHz of central frequency is attached.
Ultrasonic P-waves are generated by a wireless sensor network named WilTempUS, developed by the G-CARMA research group [29] . This system is composed by a base and a mote that monitor temperature, relative humidity (T/RH) and ultrasonic velocity at same time. Two channels coupled with commercial SHT15 sensors from Sensirion Company were employed to measure the temperature of the environment and the evolution of temperature of the hydrating sample. This experiment was performed during 24 hours, with a recording interval of 10 seconds during the first 2 hours and of 1 minute after that. Figure 1 shows the equipment used and the execution of the experiment. As tests were performed with accelerated cement matrices, shrinkage could cause the loss of contact between the matrix and the mold, interrupting the propagation of ultrasonic waves. To solve this problem, a coupling device formed by two springs pressing on the walls of the mold was used [30] . In addition, the equipment was placed inside a sealed plastic box with relative humidity above 95 % to avoid decoupling. 
Results and discussion
In situ X-ray diffraction
The evolution of phase composition in accelerated cement pastes measured by in situ X-ray diffraction is presented in Figure 2 . In order to simplify the interpretation of the graphs, only the reacting phases (alite, portlandite and ettringite) are shown. Results obtained with CEM I pastes are grouped on the left and with CEM II/A-L are grouped on the right. Accelerator reaction leads to a massive precipitation of ettringite in all the pastes analyzed [25] . The alkaline accelerator reactivity is higher than AKF 0.61 5% and lower than the other accelerators, due to its aluminum concentration (Table 6 ). Besides, the rate of ettringite formation is the lowest because this accelerator does not contain any sulfate in its formulation. Therefore, accelerator reactivity is limited by gypsum dissolution and AFm phases are formed at the moment of accelerator addition [25] . As CEM II_ALK 3% has a lower final C 3 A/SO 3 ratio than the equivalent CEM I paste (Table 6 ) and contains limestone filler, C 3 A hydration is postponed and ettringite consumption is retarded.
Initial alite dissolution in alkaline accelerated pastes is favored because this accelerator contains NaOH, which leads to a fast portlandite precipitation [34] .
However, the high final C 3 A/SO 3 ratio in these matrices promotes accelerated undersulfated C 3 A reactions, with consequent formation of AFm phases before or during alite hydration. This process increases reaction rate in the acceleration period, but delays alite hydration after 8 hours, because the early formed aluminate hydrates fill up the space in the matrix and decrease the solubility of silicate phases [25, 35] . times than equivalent CEM I pastes. Limestone filler reacts with aluminum ions from accelerators, forming AFm phases [27] . Moreover, as cement is diluted by the filler addition, a larger space is available for the precipitation of hydrates [36] . Both processes contribute to reduce setting times.
Setting times
As observed in in situ XRD (section 3.1), the amount of ettringite formed in accelerated pastes is directly proportional to Al 3+ concentration in accelerators. Since ettringite is the main product that leads to initial mechanical strength in the matrices evaluated, the larger the amount of ettringite formed by accelerator reaction, the shorter the setting times of the pastes. Therefore, the ascending order of setting times is AKF 0.42 11% < ALK 3% < AKF 0.38 7% < AKF 0.61 7% < AKF 0.61 5% < REF. As ettringite has a relative low density and high molecular volume when compared to AFm phases [37, 38] , its consumption by C 3 A and C 4 AF hydrations leads to matrix shrinkage. This process happens mainly in CEM I pastes, due to its high C 3 A content, and when accelerators containing high aluminum concentrations are employed, because large ettringite amounts are produced. In these cases, pore filling caused by C-S-H and portlandite formation does not compensate the shrinkage originated by ettringite consumption.
Ultrasound wave propagation velocity and evolution of temperature
Influence of phase evolution during hydration on the ultrasound velocity
In paste CEM II_AKF 0.61 5%, decoupling of transducers does not occur. Instead, ultrasound velocity stabilizes and remains constant after the beginning of stage V. As ettringite is indirectly stabilized by limestone filler [19] and its consumption occurs at a lower rate and extent than in paste CEM I_AKF 0.42 11%, the reduction in the volume of aluminate hydrated phases is smaller. Therefore, shrinkage does not cause the loss of contact between mold walls and the matrix and ultrasound measurements continue. 
General results of cement pastes and mortars
Matrix type
Accelerator reactivity may be evaluated equally in either pastes or mortars. As pastes are constituted by more reactive systems, reaction kinetics are faster and a more resolved differentiation of the chemical processes occurring in the hydrating matrix is achieved. However, the shrinkage of pastes is more intense, which may lead to decoupling of transducers and interrupt the progression of the test when accelerators containing high Al 3+ concentrations are used.
In mortars, aggregates dilute cement and accelerator and provide more space for hydration to occur. Therefore, shrinkage does not negatively affect the progression of the test and uninterrupted measurements are obtained. The development of microstructure derived from cement hydration and the reduction in porosity are clearer when mortars are employed. In reference mortars, the main hydration process starts earlier than in reference cement pastes because aggregates increase the shearing during mixing and accelerate cement hydration [39] . 
Cement type
Accelerator reactivity is improved in CEM II/A-L matrices. Since this cement contains 23 % less C 3 A than CEM I (Table 2) , more sulfate is available to react with aluminum ions from accelerators and ettringite formation is favored. As discussed in section 3.2, limestone filler reacts with aluminum ions from accelerators [27] and provides a larger space for the precipitation of hydrates [36] , increasing the ultrasound propagation velocity. These processes also contribute to avoid the decoupling of transducers. As can be observed in Figure 6 .b, no decoupling occurred in CEM II/A-L pastes because the rate of ettringite conversion to AFm phases is lower than in equivalent CEM I pastes (Figure 2 .e).
CEM I matrices present faster hydration kinetics because this cement contains more alite (Table 2 ) and is finer than CEM II/A-L (Table 4 ). Therefore, the rate of ultrasound velocity increase and the maximum velocity reached after the acceleration period are intensified. However, decoupling occurs more often due to the faster ettringite consumption by C 3 A hydration (section 3.1). The ultrasound velocity curve in pastes CEM I_AKF 0.38 7%, CEM I_AKF 0.42 11% and CEM I_AKF 0.61 7% were interrupted after the deceleration period.
Accelerator type and dosage
Hydration of pastes and mortars without accelerator is significantly retarded by the superplasticizer. Induction periods in these matrices are long and the main hydration process starts approximately at 14 hours in mortars and after 18 hours in pastes. The beginning of ultrasound velocity increase coincides with the onset of the main hydration peak in the curves of evolution of temperature.
In accelerated matrices, P-wave velocity depends on accelerator reactivity and is The main reason for this fact is that matrices produced with accelerators containing high Al 3+ concentrations stiffen quickly and do not consolidate properly [18] .
As a consequence, they present higher porosities, which decrease ultrasound velocity. In contrast, setting times in matrices containing low reactive accelerators are longer, which leads to a better consolidation. Therefore, ultrasound propagation in the deceleration period is enhanced and its velocity increases.
In addition, since the elastic modulus of AFm phases is respectively 2 and 3.5 which is directly proportional to the elastic modulus of the matrix [7] . This is the case of CEM I paste and mortar produced with the alkaline accelerator (C 3 A/SO 3 ratio equal to 0.76, Table 6 ).
Paste and mortar CEM II_ALK 3% present a different behavior from the equivalent CEM I matrices. Since the alkaline accelerator does not contain any sulfate in its formulation, aluminate ions react with calcium ions and limestone filler, forming monosulfoaluminate, hemi and monocarboaluminate [25] . This phases fill up the pores and increase the elastic modulus of the matrix quickly. Therefore, ultrasound velocity increases sharply, faster than in pastes and mortars containing alkali-free accelerators.
However, as the early formation of AFm phases limits further alite hydration, CEM II_ALK 3% matrices present the lowest increase in ultrasound velocity from the acceleration period on. Paste CEM II_AKF 0.42 11% deviates from this behavior due to the high accelerator reactivity and consequent difficulties in molding operations (this paste was not used for the calculation of average results). The results shown in Table 8 are in accordance with Reinhardt and Grosse [28] , who reported that final set could be determined by ultrasound velocities of 1.50 km/s. This value may also be adopted to determine final setting times in accelerated matrices.
Comparison with final setting times
Initial setting could not be correlated to ultrasound velocity because the equipment used in this research employs P-waves. Transversal waves (S-waves) should be used to characterize initial setting times [1] .
Multivariate regression analyses
In this section, general models to predict ultrasound propagation velocity in accelerated matrices were developed based on multivariate regression analyses. P-wave velocities in mortars were selected as the standard dependent variables, because the results obtained with pastes were negatively affected by shrinkage and consequent decoupling of transducers. They were divided in three stages (accelerator reaction: from accelerator addition until 3 h; acceleration period: from 5 to 11 h; and deceleration period: from 13 hours on) in order to provide a more meaningful analysis.
The independent variables correspond to the chemical properties of cement and accelerators and phase composition of pastes determined by in situ XRD. The most statistically significant independent variables were selected by analyses of variance (pvalues below 0.05, confidence level above 95 %) and are shown in Table 9 . Although only two cement types were evaluated, limestone filler was adopted as an independent variable because it improves all the fitted models. These parameters are considered appropriate based on principles of accelerators, cement and hydration chemistry. Results are presented from sections 4.1 to 4.4. Table 9 -Selection of statistically significant variables influencing P-wave velocity.
P-wave velocity stage Independent variables
Accelerator 
Accelerator reaction
The parameters used to model ultrasound velocity generated by accelerator reaction, their coefficients and p-values are presented in Table 10 . The best-fit model obtained is represented in Equation 1. Figure 8 represents a plot of the experimentally determined ultrasound velocity versus the values predicted by the model. 
Acceleration period
The parameters used to model ultrasound velocity during the acceleration period, their coefficients and p-values are presented in Table 11 . The final model obtained is shown in Equation 2. Figure 9 represents a plot of the measured versus predicted ultrasound velocity. 
Deceleration period and signal stabilization
The parameters used to model ultrasound velocity during the deceleration period, their coefficients and p-values are presented in Table 12 . Equation 3 represents the final model obtained. Figure 10 shows a plot of the experimentally determined ultrasound velocity versus the values predicted by the model. Table 13 presents a summary of the parameters studied and their influence on the overall ultrasound wave propagation velocity. 
Summary
Conclusions
Based on the results obtained from the experimental program conducted, the following conclusions may be drawn:  Initial microstructure development is governed by accelerator reactivity. Ettringite formed by accelerator reaction increases the solid/liquid ratio of the matrix and improves the solid phase connectivity quickly. Consequently, ultrasound velocity increases sharply and is directly proportional to aluminum content in accelerators.
 Increase of P-wave velocity during the acceleration period is directly proportional to hydration rates. As alite and C 3 A hydrate, forming respectively C-S-H and AFm phases, ultrasound velocity increases.
 When accelerators containing high aluminum contents are employed, the matrix stiffens quickly and does not consolidate properly. For that reason, the porosity of the matrix is high and P-wave velocity during the deceleration period is reduced.
 Undersulfated systems present higher ultrasound velocities during the deceleration period than properly sulfated matrices. C 3 A hydration in the absence of sulfates leads to higher ultrasound velocities because the elastic modulus of AFm phases is 2 and 3.5 times higher than the elastic modulus of ettringite and C-S-H, respectively.
 Limestone filler decreases ultrasound velocity in the acceleration period because it retards C 3 A hydration. However, P-wave velocity increases in the deceleration period in CEM II/A-L matrices because limestone leads to the formation of hemi and monocarboaluminate and provides a larger space for the precipitation of hydrates.
 Decoupling of transducers in cement pastes is associated with ettringite conversion to monosulfoaluminate. As AFm phases are denser than ettringite, their formation leads to matrix shrinkage and to the consequent loss of contact between the matrix and mold walls. Decoupling occurs mainly when cements contain large C 3 A amounts and no limestone filler and when high Al 3+ contents are employed.
 Final setting times may be determined when P-wave velocity reaches 1.5 km/s.
 Correlations between ultrasound propagation velocity in mortars and their chemical
properties and phase composition were established. All regressions presented R 2 superior than 0.980, indicating that the models developed provide statistically significant predictions of the experimental results.
6.
